1.. Introduction   {#sec1}
==================

Starch for nutritive energy storage in plant roots, tubers or endosperm such as potato, tapioca, corn and rice, comprises primarily carbohydrates in the form of polysaccharides. Previous reviews (Pérez & Bertoft, 2010[@bb24]; Wang & Copeland, 2013[@bb37]; Blazek & Gilbert, 2011[@bb4]; Ratnayake & Jackson, 2009[@bb26]; Zobel, 1988[@bb39]) have summarized progress in the understanding of the supramolecular arrangements of starch granules that in nature are adopted for the packing energy harvested from photosynthesis. On the micrometre scale, starch granules ∼1--100 µm in size (Jane *et al.*, 1994[@bb15]) have a growth-ring structure composed of alternately arranged semicrystalline and amorphous shells (Pérez & Bertoft, 2010[@bb24]) concentrically developed from the hilum. The semicrystalline shells are mainly composed of clusters of branched-chain amylopectin in contrast to the amorphous shells of long linear-chain amylose and low-molecular-mass amylopectin (Tang *et al.*, 2006[@bb33]). On the nanometre scale, each semicrystalline shell consists of lamellae of alternating crystalline and amorphous layers, featuring a typical lamellar spacing *L* in the order of 10 nm with crystallinity ranging from 15 to 45%; while the crystalline layer may be further envisioned as oriented aggregates of nanocrystalline 'blocklets'. At the atomic level, the crystal structure corresponds to either monoclinic (A-type) or hexagonal (B-type) packing of double helices of amylopectin or amylose chains (Zobel, 1988[@bb39]; Pérez & Bertoft, 2010[@bb24]). When starch granules are heated in excess water, starch granules swell and disrupt upon melting of the semicrystalline structure in the gelatinization process, resulting in increased solution viscosity. During subsequent cooling, the viscosity further increases upon gelation of the aqueous amylopectin--amylose mixture (Jenkins & Donald, 1998[@bb19]; Waigh *et al.*, 2000[@bb36]).

In terms of structural characterization, microbeam X-ray diffraction (Lemke *et al.*, 2004[@bb21]), time-resolved small-angle and wide-angle X-ray scattering (SAXS/WAXS) (Vermeylen *et al.*, 2006[@bb35]), small-angle neutron scattering (SANS) (Blazek & Gilbert, 2010[@bb5]) and three-dimensional structural imaging with second-harmonic generation circular dichroism (Zhuo *et al.*, 2014[@bb38]) have been used to reveal the nanostructural changes in gelatinization and retrogradation processes of starch granules of various types. Thereby, melting of lamellar and crystalline structures has been revealed in the gelatinization process and fractal-like structural changes in the global semicrystalline structure of starch granules have been revealed from the power-law scattering behavior (Vermeylen *et al.*, 2006[@bb35]; Lin *et al.*, 2009[@bb22]). Together with microscopic images, a supramolecular model was proposed for general starch granules (Tang *et al.*, 2006[@bb33]; Gallant *et al.*, 1997[@bb12]). However, the location and the state of amylose chains within the granules are not clearly specified in the model; the building blocks (blocklets) of the semicrystalline layers and the corresponding entities upon melting need to be more quantitatively specified for a better understanding of the gelatinization and gelation processes (Pérez & Bertoft, 2010[@bb24]; Ratnayake & Jackson, 2009[@bb26]; Tang *et al.*, 2006[@bb33]).

In this study, the nanocrystalline structural evolution revealed *via* simultaneous SAXS and WAXS for native tapioca starch granules is quantitatively correlated with corresponding changes in solution viscosity. A structural model is then proposed to coherently explain the gelatinization and gelation processes in terms of dissociation and reorganization of amylopectin and amylose chains in structural units of crystalline blocklets and molten nanoclusters.

2.. Methodology   {#sec2}
=================

2.1.. Material and measurements   {#sec2.1}
---------------------------------

The characterized native tapioca starch, manufactured by a branch of Ting Hsin Co. in Thailand, contained 12.5% moisture and 21.7% amylose. To ensure an excess water environment throughout the gelatinization and gelation processes, samples with a starch-to-water-weight ratio of 1:20 were used for solution viscometry and those in a weight ratio of 1:3 were used for SAXS and WAXS measurements. Viscosity measurements were performed using an Anton Paar MCR 501 rheometer with a stirring speed of 160 r.p.m. and a temperature program of heating from 313 to 358 K at a rate of 2 K min^−1^, followed by holding at 358 (1) K for 35 min before cooling down (2 K min^−1^) from 358 to 303 K.

Simultaneous SAXS and WAXS measurements were conducted at beamline 23A of the National Synchrotron Radiation Research Center (Jeng *et al.*, 2010[@bb18]). The sample path length for X-ray scattering was *ca* 1 mm. With an 8.0 keV beam (wavelength λ = 1.55 Å), data were collected simultaneously with a Pilatus 1M-F area detector for SAXS and a flat panel C9728-DK area detector for WAXS during a programmed heating--cooling process similar to that for the viscosity measurements. The sample-to-detector distances were 5102 mm (SAXS) and 119 mm (WAXS) to cover a wide range of the scattering wavevector *q* (= 4πλ^−1^sinθ, where 2θ corresponds to scattering angle). Silver behenate was used for calibrating the *q* values of SAXS data, whereas syndiotactic polystyrene and polyethylene standards were used for WAXS. All data were further corrected for background scattering and transmission loss; reliability was confirmed by repeated runs using fresh specimens.

Tapioca starch granules, after being hydrolyzed with 3.16 *M* H~2~SO~4~ (Angellier *et al.*, 2004[@bb1]), were imaged with an Inspect S (FEI Co) scanning electronic microscope (SEM) at a working voltage of 15 kV; the semicrystalline layer thicknesses of the starch granules were determined from the SEM images using the *Image J* software (National Institutes of Health, Maryland, USA).

2.2.. WAXS and SAXS data analysis   {#sec2.2}
-----------------------------------

The WAXS data for lamellar crystals in starch granules were analyzed using the Rietveld refinement process (Toby, 2001[@bb34]; Gualtieri, 2003[@bb13]). The measured SAXS intensity profiles were analyzed using a scattering model of arrayed disks or platelets for lamellar crystals (Cameron & Donald, 1992[@bb7]):where *I* ~0~ is the zero angle (*q* = 0) scattering intensity, *P*(*q*) is the disk form factor and *S*(*q*) is the structure factor; *I* ~0~ is contributed by the scattering contrast between the particles and matrix and the number density of the scattering particles (Chen & Lin, 1987[@bb8]). For homogeneous disk-like particles of radius *R* and thickness *t* ~c~, the orientation-averaged form factor is expressed aswhere *J* ~1~ is the first-order Bessel function, ν = *qR*(1 − μ′^2^)^1/2^, and *w* = *qt* ~c~μ′/2 (Chen & Lin, 1987[@bb8]). The form factor can be readily modified for polydisperse or elliptic disks (Feigin & Svergun, 1987[@bb11]). The corresponding structure factor *S*(*q*) for lamellar crystals of alternating crystalline and amorphous layers of long period *L* is described by (Cameron & Donald, 1992[@bb7]; Richter *et al.*, 1997[@bb27])where *N* is the number of stacked lamellae and the fluctuation in long period Δ~*L*~ = \[(Δ*t* ~c~)^2^ + (Δ*t* ~a~)^2^\]^1/2^, contributed by polydispersity (fluctuations) in crystalline and amorphous layer thickness (*t* ~c~ and *t* ~a~, respectively) according to Schultz distribution (Sheu, 1992[@bb30]).

We note that effects of polydispersity and/or orientational averaging of the form factor would modify the structure factor in equation (1)[](#fd1){ref-type="disp-formula"}, as detailed in a report by Kotlarchyk & Chen (1983[@bb20]). Nevertheless, such a correction in *S*(*q*) would be small in our case because of the not large polydispersity in the form factor, and was hence neglected in all the analyses below. Furthermore, the characteristic SAXS lamellar peak from the semicrystalline lamellae of starch granules is determined mainly by X-ray scattering contrast (or electron density difference) between the lamellar crystalline and the amorphous regions, together with the crystal size and number density of the lamellae (*i.e.* crystallinity) and the lamellar packing order (*i.e. N* and Δ~*L*~), as illustrated in equations (1)[](#fd1){ref-type="disp-formula"}--(3)[](#fd2){ref-type="disp-formula"} [](#fd3){ref-type="disp-formula"} (also detailed in a previous report by Blazek & Gilbert, 2010[@bb5]). In principle, the amorphous matrix into which the semicrystalline lamellae embed may carry an electron density different from that of the amorphous zones of the lamellae, leading to a three-phase system. Fortunately, previous studies (Donald *et al.*, 2001[@bb10]; Blazek & Gilbert, 2010[@bb5]) indicated that the molecular and electron densities of the water-soaked amorphous regions in semicrystalline lamellae and the matrix of starches are, in general, very close. For simplicity in our SAXS data analyses, we use the same electron density for the matrix and lamellar amorphous zones of tapioca granules before melting.

The SAXS profiles after melting of granules were analyzed using a necklace model (Chen & Teixeira, 1986[@bb9]; Lin *et al.*, 2009[@bb22]) for fractal-like aggregates of ellipsoidal primary particles (representing amylopectin nanoclusters), with semi-major axis *A* and semi-minor axis *B*. The orientation-averaged ellipsoidal form factor iswhere *v* = *q*\[*A* ^2^μ^2^ + *B* ^2^(1 − μ^2^)\]^1/2^ and *j* ~1~ is the spherical Bessel function of the first-order (Feigin & Svergun, 1987[@bb11]). The corresponding structure factoris characterized by the fractal dimension *D* ~f~ and the correlation length ξ (Chen & Teixeira, 1986[@bb9]). The effective radius *r* = (*AB* ^2^)^1/3^ for the primary particles in equation (5)[](#fd5){ref-type="disp-formula"} is approximated from the ellipsoid volume on an equivalent-volume basis (Jeng *et al.*, 1999*a* [@bb16]). For a system with coexistence of fractal aggregates and dissociated (disperse) primary particles, scattering contributions from both are assumed linearly additive when using equation (1)[](#fd1){ref-type="disp-formula"}.

To quantify the level of heterogeneity in a two-phase system, the scattering invariantis often used (Feigin & Svergun, 1987[@bb11]). For convenience when comparing, a relative scattering invariant can be calculated with the upper and lower limits of the integration replaced by the minimum and maximum *q* values of the SAXS *q* range of interest (Su *et al.*, 2008[@bb31]). Such approximation is appropriate when the *q* range of interest covers major changes in the structural features. Also for convenient comparison, the *relative* crystallinity *X* ~c~ is calculated from the WAXS profile based on integrated intensity over *accessible* crystalline reflections and then normalized with respect to the *maximum* value observed, as detailed previously (Su *et al.*, 2009[@bb32]).

3.. Result and discussion   {#sec3}
===========================

3.1.. Structural features deduced from SAXS/WAXS analyses   {#sec3.1}
-----------------------------------------------------------

Shown in Fig. 1[▶](#fig1){ref-type="fig"}(*a*) are the combined SAXS and WAXS data for the tapioca starch in excess water at 303 K. The SAXS data reveal a characteristic lamellar peak at *q* = 0.065 Å^−1^, corresponding to a long period *L* ≃ 9.7 nm as estimated from the Bragg law (Imberty & Perez, 1988[@bb14]), whereas the WAXS data exhibit the characteristic (100)~H~ reflection at *q* = 0.40 Å^−1^ of B-type crystals (Pérez & Bertoft, 2010[@bb24]) and the twin peaks centered near *q* = 1.3 Å^−1^ of the A-type crystals (Popov *et al.*, 2009[@bb25]). These results suggest the coexistence of the two crystalline phases in the native tapioca.

Using the model of one-dimensional arrayed elliptic plates illustrated in equations (1)[](#fd1){ref-type="disp-formula"}--(3)[](#fd3){ref-type="disp-formula"}, the SAXS data down to *q* ≃ 0.05 Å^−1^ can be well fitted with the parametric values \[*cf*. inset in Fig. 1[▶](#fig1){ref-type="fig"}(*b*)\] of *N* = 5 (1) and *L* = 8.6 nm with 20% polydispersity, hence an average lamellar domain size of *D* ~L~ ≃ 43 nm (Vermeylen *et al.*, 2006[@bb35]); this domain size is also consistent with that estimated from the lamellar peak width using the Scherrer equation. Compared with this refined long period of 8.6 nm with due consideration of the polydispersity, a naïve value of *ca* 10 nm, based only on peak position, is indeed an overestimate (Cameron & Donald, 1992[@bb7]). Distributions of the crystal thickness with an average *t* ~c~ value of 7.5 nm and the amorphous layer with an average *t* ~a~ value of 1.1 nm are shown in Fig. 1[▶](#fig1){ref-type="fig"}(*b*). The fitted values for lateral dimensions of the elliptic plates are *D* ~a~ = 26.1 (relatively insensitive parameter) and *D* ~b~ = 8.7 nm for the long and the short axes, respectively, with a common 67% polydispersity. We note that the SAXS data fitting may be slightly improved for the second lamellar peak at *ca q* = 0.13 Å^−1^ (Fig. 1*a*) by using arrayed disk plates with a diameter of 7.4 nm (*i.e. D* ~a~ = *D* ~b~), together with nearly the same values of *N* = 5, *L* = 8.5 nm, *t* ~a~ = 1.4 nm and *t* ~c~ = 7.0 nm (as compared with that used in the model of arrayed elliptic plates). Nevertheless, the elliptic plates are in better agreement with the WAXS results detailed below. The deviation of the fitting from the data near the second lamellar peak may be improved by using the modified structure factor corrected for polydispersity and anisotropy of the form factor for a smeared oscillation in the calculated *S*(*q*), hence *I*(*q*), profile (Kotlarchyk & Chen, 1983[@bb20]). Data fitting may be further improved by using different electron densities for the matrix and lamellar amorphous zones ; however, the minor differences should not change much the fitted parameters associated with the structure along the lamellar stacking. Another possibility to improve the data fitting is to use a bimodal distribution to take into account the coexistence of A- and B-type crystals of slightly different sizes revealed from the WAXS data (detailed below). Overall, these parameters can be well mapped into the blocklet model hypothesized previously (Tang *et al.*, 2006[@bb33]; Pérez & Bertoft, 2010[@bb24]), in which the semicrystalline layers in starch granules are pictured as self-assembled from oriented blocklets of lamellar crystals.

Analysis of WAXS data *via* the Rietveld refinement procedure (Toby, 2001[@bb34]) with space groups *C*2 for monoclinic (A-type) crystals and *P*6~1~ for hexagonal (B-type) crystals (Popov *et al.*, 2009[@bb25]; Imberty & Perez, 1988[@bb14]) led to a satisfactory fit as shown in Fig. 2[▶](#fig2){ref-type="fig"}(*a*). Corresponding parametric values, summarized in Table 1[▶](#table1){ref-type="table"}, agree well with those reported in the literature. The fitted result suggests coexistence of both monoclinic and hexagonal phases in a weight ratio of 4:1. Illustrated in Figs. 2[▶](#fig2){ref-type="fig"}(*b*) and 2(*c*) are the fitted structures of monoclinic *C*2 and hexagonal *P*6~1~ crystals projected along the helical axis of amylopectin--amylose chains, *i.e.* the direction of the lamellar stacking (Popov *et al.*, 2009[@bb25]; Pérez & Bertoft, 2010[@bb24]). We note that the hexagonally packed helices accommodate a higher water content (Table 1[▶](#table1){ref-type="table"}), and may be relatively permeable to water in an excess-water environment, compared with in the monoclinic packing.

From Fig. 2[▶](#fig2){ref-type="fig"}(*a*), the characteristic (100)~H~ reflection of the B-type crystals reveals a small crystal dimension of 7.6 nm, as extracted from the peak width based on the Scherrer equation. The global fitting process with the Rietveld refinement, however, reveals a relatively large averaged crystal dimension of *ca* 23 nm (see Table 1[▶](#table1){ref-type="table"}). As large crystals dominate the average size from a global WAXS data fitting, the difference in the global crystal size and specific crystal dimension reveals asymmetric lateral dimensions for the lamellar crystal slabs. This result is more consistent with arrayed elliptic plates (than disks) with a crystal plate thickness *t* ~c~ = 7.5 nm along the helical axis from SAXS analysis. Taken together, the observed lamellar crystalline structure may be schematically given, as shown in Fig. 3[▶](#fig3){ref-type="fig"}, on the basis of the blocklet model proposed previously (Gallant *et al.*, 1997[@bb12]; Tang *et al.*, 2006[@bb33]; Pérez & Bertoft, 2010[@bb24]).

3.2.. Melting process of the semicrystalline structure   {#sec3.2}
--------------------------------------------------------

The temperature-dependent WAXS data measured during programmed heating of the native tapioca soaked in water are shown in Fig. 4[▶](#fig4){ref-type="fig"}(*a*). The WAXS peaks start to decay around 328 K and completely disappear after 343 K. Moreover, the intensity ratio of the characteristic twin peaks at *q* = 1.21 and 1.28 Å^−1^ contributed by both A- and B-type crystals (see Fig. 2*a*) remained roughly the same during the melting, implying concomitant melting of the two forms. Following a similar process that was carried out previously, we have fitted all the temperature-dependent WAXS data, as selectively shown in Figs. 4[▶](#fig4){ref-type="fig"}(*b*) and 4(*c*). The hence obtained evolutions of the crystal sizes are summarized in Fig. 4[▶](#fig4){ref-type="fig"}(*d*); compared with the B-type crystals, the slower decay of the A-type crystal size suggests slightly better thermal stability, presumably attributable to the lower water content \[*cf*. Figs. 2[▶](#fig2){ref-type="fig"}(*b*) and 2(*c*)\]. Previously observed B to A transformation of starch crystallites under pressure also suggested better thermal stability of the A-form (Nishiyama *et al.*, 2010[@bb23]).

The concomitantly obtained SAXS profiles are shown in Fig. 5[▶](#fig5){ref-type="fig"}, revealing a coherent melting of the lamellar structure with the crystal structure. Below 323 K (Fig. 5[▶](#fig5){ref-type="fig"} *a*), there are no significant intensity changes in the higher-*q* region (*q* \> 0.05 Å^−1^, dominated by the lamellar structure peak); intensity in the low-*q* region follows a power law of *I*(*q*) ∝ *q* ^−*P*^ with *P* = 4.0, consistent with scattering from smooth surfaces (Schmidt, 1991[@bb29]; Jeng *et al.*, 1999*b* [@bb17]). The surface scattering feature transits to mass fractal scattering (*P* \< 3.0) with *I*(*q*) = *q* ^−2.8^ at 330 K (Fig. 5[▶](#fig5){ref-type="fig"} *b*), revealing rupture of 'blocklets' of semicrystalline layers. This is followed by the dramatic intensity changes in the low-*q* region (0.003--0.05 Å^−1^) from 336 to 338 K, suggesting disintegration of the semicrystalline layers into discrete 'debris' and hence increased heterogeneity in the length-scale at least up to 250 nm (corresponding to the minimum accessible *q* value of 0.0025 Å^−1^); the shoulder around *q* ≃ 0.005 Å^−1^ signifies an intermediate debris dimension or spacing of *ca* 130 nm during the break-down process, as estimated from the Bragg law.

In the high-*q* region of Fig. 5[▶](#fig5){ref-type="fig"}(*b*), the lamellar peak progressively decays and shifts to slightly higher *q* with increasing temperature before a sharp drop in intensity at 338 K and completely disappearance at 347 K. The discernable shifting of the lamellar peak towards higher-*q* reveals a thinning of the lamellar spacing during melting. In the meanwhile, the decay of the lamellar structure accompanied by an intensity increase in the high-*q* region (\>0.1 Å^−1^) suggests melting of lamellar domains into smaller nanoclusters of a noncrystalline entity (as revealed from the corresponding WAXS profiles). These smaller structural features (*i.e.* nanoclusters or debris of disintegrated lamellae) dominate the scattering contribution in the corresponding higher-*q* regime (Feigin & Svergun, 1987[@bb11]).

Using the same model of arrayed platelets adopted for construction of Fig. 1[▶](#fig1){ref-type="fig"}, we can fit all *in situ* SAXS data (from 303 to 343 K) in the *q* range of 0.05--0.14 Å^−1^, where the scattering intensity is dominantly contributed by the lamellar structure (Fig. 6[▶](#fig6){ref-type="fig"} *a*). The parameter hence extracted including the lamellar spacing *L* along with the crystal and amorphous layer thickness (*t* ~c~ and *t* ~a~) are summarized in Fig. 6[▶](#fig6){ref-type="fig"}(*b*). These temperature-dependent structural parameters serve as indicators to the disintegration process of the lamellar structure. According to Fig. 6[▶](#fig6){ref-type="fig"}(*b*), *t* ~c~ starts to decrease continuously from 7.2 nm at 323 K to 2.7 nm at 343 K, before vanishing together with the crystal melting (Fig. 4[▶](#fig4){ref-type="fig"}). However, the corresponding increase in *t* ~a~ (2.1 nm) from 1.1 to 3.2 nm is only about half of the decrease in *t* ~c~ (4.5 nm), suggesting that not all chains of melted crystals resided in the amorphous layer. Instead, a substantial number of the melted chains, most likely untangled amylose, were released from the lamellar structure. A similar suggestion was also proposed (Saibene & Seetharaman, 2010[@bb28]; Bahnassey & Breene, 1994[@bb2]) on the basis of drastically enhanced solution viscosity observed close to the end of gelatinization. The consequently evacuated space may lead to tilting of the residual crystalline chains for a reduced *t* ~c~ value, with a relatively stable *t* ~a~ value, as illustrated in Fig. 7[▶](#fig7){ref-type="fig"}.

At 347 K, with all the crystalline and lamellar structures being completely melted (*cf*. Figs. 4[▶](#fig4){ref-type="fig"} and 5[▶](#fig5){ref-type="fig"}), the SAXS data measured can be satisfactory fitted (Fig. 5[▶](#fig5){ref-type="fig"} *b*) with fractal aggregates of ellipsoidal nanoclusters coexisting with free nanoclusters, as described by equations (4)[](#fd4){ref-type="disp-formula"} and (5)[](#fd5){ref-type="disp-formula"}. The fitted parameters include a fractal dimension *D* ~f~ = 2.0 (0.05) and ellipsoid nanoclusters with major axis 2*A* = 7.1 (0.7) nm and minor axis 2*B* = 2.6 (0.3) nm; whereas the fractal structure size is only insensitively determined to be larger than 250 nm, due to the accessible *q* range (of only a power-law scattering regime without a transition zone to form-factor scattering). Amylopectin nanoclusters of similar size and shape were also proposed previously as a basic construction unit for the semicrystalline layers (Pérez & Bertoft, 2010[@bb24]; Bertoft, 2004[@bb3]). Moreover, the fitted population of the free nanoclusters is an order-of-magnitude higher than that in the fractal-like aggregates, as revealed from the respective high-*q* contributions in Fig. 5[▶](#fig5){ref-type="fig"}(*b*). The disjointed amylopectin nanoclusters and released amylose chains would undergo gelation in the subsequent cooling process, as detailed below.

3.3.. Correlated viscosity and structural changes in gelatinization   {#sec3.3}
---------------------------------------------------------------------

We have also measured drastic changes in the solution viscosity (see Fig. 8[▶](#fig8){ref-type="fig"} *a*) of the native tapioca in a similar heating process as that used for the SAXS and WAXS measurements. The viscosity was initially very low but sharply increased to *ca* 0.05 Pa s in the melting range of 339--347 K, indicating gelatinization of the native tapioca starch granules (Bahnassey & Breene, 1994[@bb2]). With further heating to and holding at ∼358 K, the viscosity increased only modestly and leveled at ∼0.07 Pa s. During the subsequent cooling from 358 to 303 K for gelation, viscosity further increased strongly to 0.17 Pa s (Brouillet-Fourmann *et al.*, 2003[@bb6]).

The correlated scattering invariant *Q* ~lam~, the relative crystallinity *X* ~c~, and the viscosity profiles observed with a similar heating process for the native tapioca granules are shown in Fig. 8[▶](#fig8){ref-type="fig"}(*b*). Above 328 K, *Q* ~lam~ calculated from the scattering *q* range dominated by the lamellar structure (0.05--0.16 Å^−1^ in Fig. 6[▶](#fig6){ref-type="fig"} *a*) is found to decrease with *X* ~c~, but only after substantial decays of these two quantities at an onset temperature *T* ~on~ ≃ 333 K the viscosity starts to increase modestly. At an induction temperature *T* ~in~ = 339 K, with both *Q* ~lam~ and *X* ~c~ largely reduced to one-tenth of the initial values, an upturn of viscosity is observed. After the blocklet rupture temperature *T* ~rup~ ≃ 345 K where both *Q* ~lam~ and *X* ~c~ have largely vanished, the viscosity increases at a significantly lower rate. The close correspondence among changes in *Q* ~lam~, *X* ~c~ and viscosity strongly suggest a close association of amylopectin and amylose in the semicrystalline lamellae, and a release of the amylose chains for an increase of viscosity in gelatinization occurs largely after melting of the lamellar structure.

3.4.. Gelation with nanoclusters   {#sec3.4}
----------------------------------

Compared with that in the heating process for gelatinization, the evolution of WAXS profiles observed during the subsequent cooling for gelation are fairly simple and monotonous. These WAXS profiles, resembling to that at 347 K in Fig. 4[▶](#fig4){ref-type="fig"}(*a*), are largely featureless, revealing no obvious crystalline structure. In contrast, the concomitantly measured SAXS profiles (Fig. 9[▶](#fig9){ref-type="fig"} *a*) exhibit drastic and successive changes in the low-*q* regime (0.0025--0.02 Å^−1^), revealing development of *meso*-structure in gelation during cooling. Using the same model of coexisting fractal aggregates of the nanoclusters and individual nanoclusters as that used previously (*cf*. Fig. 5[▶](#fig5){ref-type="fig"} *b*), we could satisfactorily fit all the SAXS profiles with ellipsoidal nanoclusters with constant major axis 2*A* = 7.2 nm and minor axis 2*B* = 2.6 nm. The fitted parameters reveal a steady growth of the fractal aggregates, in terms of increases in the fractal dimension and population of the aggregate, at the expense of the free nanoclusters of a correspondingly decayed population. As illustrated in the inset of Fig. 9[▶](#fig9){ref-type="fig"}(*b*), fractal dimension *D* ~f~ of the fractal aggregates increases progressively from 2.0 at 358 K to 2.3 at 315 K, indicating increasingly condensed fractal aggregates (Schmidt, 1991[@bb29]). The fractal size extracted from the fitted correlation ξ values amounts to a micrometre scale (Chen & Teixeira, 1986[@bb9]); owing to the limited low-*q* data manifesting only power scattering behavior without a cut-off, the fractal aggregation sizes are only insensitively determined, and serve mainly as a lower bound at best (Jeng *et al.*, 1999*b* [@bb17]). The growth behavior of the fractal aggregates, however, can be represented by the corresponding scattering invariant *Q* ~agg~, separated from the SAXS data fitting as illustrated in Fig. 9[▶](#fig9){ref-type="fig"}. As a result, highly coherent changes in the structural parameter *Q* ~agg~, fractal dimension *D* ~f~ and the solution viscosity, as elucidated in Fig. 9[▶](#fig9){ref-type="fig"}(*b*), reveal a strong correlation of the nanocluster aggregation to the viscosity change, with a consistent break in each of the three curves signifying a characteristic temperature *T* ~gel~ for gelation.

SEM images for the tapioca starch granules with characteristic truncated globular shape and the fractural sections of hydrolyzed starch granules are shown in Fig. 10[▶](#fig10){ref-type="fig"}. From which, average semicrystalline layer thicknesses of 92 (14) nm and 69 (9) nm are extracted for the samples subjected to two and three days of hydrolysis, respectively. Based on the hydrolysis rate of the tapioca starch observed over ten days, an original semicrystalline layer thickness is extrapolated to be around 140--200 nm, corresponding roughly to three to five stacked blocklets (considering a lamellar domain size *ca* 43 nm as extracted previously). With due considerations of all the observed structural features--roles of blocklets, amylopectin nanoclusters and amylose chains, we propose in Fig. 11[▶](#fig11){ref-type="fig"} a comprehensive picture of the observed gelation process in cooling and the previous gelatinization process in heating of the native tapioca starch granules. In this model, the semicrystalline layers comprise blocklets interwoven with long-chain linear amylose. The outer and larger semicrystalline layers in the starch granule would contain more blocklets that require more amylose chains for space filling. Such a consequence is consistent with the general feature that more amylose chains are found in the outer zone (of larger growth rings) or near the surface of starch granules (Pérez & Bertoft, 2010[@bb24]). With the proposed picture, the gelatinization and gelation processes may be coherently explained as: dissociation of blocklets in the semicrystalline layers into noncrystalline nanoclusters followed by releasing amylose chains into the aqueous matrix during heating, and reorganization of the nanoclusters of amylopectin and amylose chains into fractal-like aggregates upon cooling.

4.. Conclusions   {#sec4}
=================

Our SAXS/WAXS observations have elucidated concomitant occurrence of melting of lamellar nanocrystals, disintegration of the constituting blocklets, and the resulting dissipation of the semicrystalline layers upon gelatinization during heating in excess water to 333--347 K. The solution viscosity increases rapidly only after complete dissipation of the semicrystalline structure, suggesting that amylose chains are initially trapped by cocrystallization with amylopectin in blocklets of 40--50 nm. The gelatinization process corresponds to melting of nanocrystals and disintegration of blocklets into prolate nanoclusters of molten amylopectin, releasing amylose chains into the aqueous matrix. The gelation process upon subsequent cooling may then be coherently attributed to aggregation of noncrystalline amylopectin nanoclusters connected by amylose chains into fractal-structured networks of gradually increasing fractal dimension (*D* ~f~) from 2.0 at 347 K to 2.3 at 303 K.
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![(*a*) Integrated SAXS--WAXS data measured for the native tapioca in excess water. The arrows indicate the lamellar peaks at *q* = 0.065 and 0.13 Å^−1^, the (100)~H~ reflection at *q* = 0.40 Å^−1^ of hexagonal (B-type) crystals, and the characteristic twin peaks near 1.3 Å^−1^ of the monoclinic (A-type) crystals. SAXS data are fitted with the model comprising either arrayed elliptic plates (dotted curve) or disk plates (solid curve). (*b*) Optimal-fit Schultz distribution profiles for thicknesses of the crystalline and amorphous layers in semicrystalline lamellae of the native tapioca. The best-fitted structural parameters with arrayed elliptic plates are shown in the inset, where *p* is the corresponding polydispersity.](m-01-00418-fig1){#fig1}

![(*a*) Calculated WAXS profile with coexistence of monoclinic and hexagonal crystals in weight ratio of 4:1 gives excellent overlap with experimental data. The upper and lower rows of short rods at the bottom are possible reflections of A-type and B-type crystals, respectively. The dotted curve is the fitting residuals. The arrows mark the (100)~H~ reflection of the hexagonal crystals and the characteristic convoluted peaks at *q* = 1.21 and 1.28 Å^−1^ of the monoclinic crystals. Crystal structure projected along the lamellar stacking direction are shown in (*b*) and (*c*) for the monoclinic and hexagonal phases, respectively. Each type of unit cell contains two pairs of amylopectin or amylose chains in a double-helical conformation; however, the less compactly packed double helices in the latter case leave a water-rich core that accommodates 4.5 times more water (shown as small dots) than does the more densely packed monoclinic phase.](m-01-00418-fig2){#fig2}

![Structural model for the domains (blocklets) of crystalline lamellae in the hierarchical structure of native tapioca granule. The model is characterized by four to five well packed layers of a lamellar domain size (*D* ~L~) ≃43 nm, and an idealized elliptic cross section of dimensions *D* ~a~ ≃ 26 nm and *D* ~b~ ≃ 9 nm (right); the average crystalline and amorphous layer thicknesses (*t* ~c~ = 7.5 nm and *t* ~a~ = 1.1 nm), accumulate to a lamellar spacing (*L*) of 8.6 nm. More extended and flexible wires (red) are for amylose chains, whereas the branched ones (blue) are for amylopectin chains.](m-01-00418-fig3){#fig3}

![(*a*) WAXS data *in situ* measured for the native tapioca during heating at 2 K min^−1^. Representative data fitting results are shown in (*b*) and (*c*). (*d*) The corresponding evolutions of the averaged A- and B-crystal sizes extracted from data fittings.](m-01-00418-fig4){#fig4}

![Representative SAXS data measured for the native tapioca during heating: (*a*) below and (*b*) above 323 K. The dotted line in (*a*) marks the common *q* ^−4^ scattering behavior. Vertical arrows in (*b*) emphasize the intensity changes in the low- and high-*q* regions during heating. The arrow outlines the power-law scattering behaviour *I*(*q*) ∝ *q* ^−2.8^ at 330 K; whereas the solid curve calculated using a fractal model describes the fractal scattering behavior *I*(*q*) ∝ *q* ^−2.0^ of the melted structure at 347 K. In (*b*), the long- and short-dashed curves are scattering contributions from the fractal aggregation of nanoclusters and the free nanoclusters, respectively.](m-01-00418-fig5){#fig5}

![(*a*) Representing SAXS data fitting (solid curves) for the *in situ* SAXS data of the native tapioca starch during the heating process. (*b*) Corresponding parameters used in the fitting, including the lamellar spacing (*L*) and the crystal and amorphous layer thicknesses (*t* ~c~ and *t* ~a~).](m-01-00418-fig6){#fig6}

![The melting process of the semicrystalline lamellae. Schematically shown (left) are stacked lamellae of well packed crystalline nanoclusters of amylopectin (blue) and amylose (red) chains. Melting of defect-rich regions leads to partial loss of integrity of the lamellae, into layers alternatingly rich and poor in tilted and partially disordered nanoclusters (shaded background in blue), as shown in the middle. The process ends with disperse and molten nanoclusters (bright blue) of amylopectin loosely associated with relatively untangled linear amylose chains (right).](m-01-00418-fig7){#fig7}

![(*a*) Viscosity profile measured for the native tapioca starch in the thermal treatment indicated. The grey zone marks the onset increase of viscosity between 339 and 347 K. (*b*) Correlated structure and viscosity changes in the heating (gelatinization) process, marked with *T* ~on~, *T* ~in~ and *T* ~rup~ for characteristic transitions.](m-01-00418-fig8){#fig8}

![(*a*) SAXS profiles measured during the cooling process. Data are fitted (dashed curves) using a model of coexisting fractal aggregates with their primary particles; the respective contributions are selectively illustrated with the long- and short-dashed curves below for the 358 K case. (*b*) Correlated changes of viscosity and the SAXS invariant *Q* ~agg~ contributed from the fractal aggregates with increasing fractal dimension *D* ~f~ (inset). *T* ~gel~ marks the temperature for coherently enhanced transitions in structure and viscosity.](m-01-00418-fig9){#fig9}

![SEM images for tapioca starch granules (2--35 µm) with the characteristic truncated globular shape after hydrolysis with acid for two (*a*, *b*) and three (*c*) days, revealing successively decayed shell-layer thicknesses (*cf*. the truncated granules near the centre) of 92 (14) nm and 69 (9) nm, respectively.](m-01-00418-fig10){#fig10}

![Cartoons for a hierarchical structure model of the native tapioca starch granule (*a*). (*b*) Gelatinization for disperse linear amylose chains and ellipsoidal nanoclusters of amylopectin, of dimensions *ca* 7 × 3 × 3 nm (left); gelation for loosely fractal-structured networks on a micrometer scale (right).](m-01-00418-fig11){#fig11}

###### Rietveld refinement parameters for the WAXS data of the native tapioca in excess water

*N* ~w~ is the number of water molecules in a unit cell of volume *V* ~i~, *W* ~i~ is the weight percentage of A- or B-type crystals and *H* the average crystal size. The *N* ~w~ values were taken from the previous crystal structures and kept fixed during structural refinement.

           Space group   Cell parameters (, )                                             *V* ~i~ (^3^)   *N* ~w~   *W* ~i~ (%)   *H* (nm)
  -------- ------------- ---------------------------------------------------------------- --------------- --------- ------------- ----------
  A-type   *C*2          *a* = 21.171(8), *b* = 10.788(9), *c* = 11.776(3), = 122.81(3)   2260(2)         8         79.0(9)       18.3
  B-type   *P*6~1~       *a* = *b* = 18.23(2), *c* = 11.06(3)                             3184(7)         36        21.0(3)       22.7
